ABSTRACT. The epidermal prrnleability barrier is provided by intercellular lipids forming multiple membrane bilayers in the stratum corneum. In the fetal rat, the barrier to transepidermal water loss forms during the 20th d of gestation and is accompanied by I ) increasing stratum corneum thickness; 2) increasing stratum corneum lipid content, particularly nonpolar ceramide and cholesterol content; and 3) the formation of lamellar unit structures throughout the stratum corneum interstices. In this report, we dimonstrate that among pups of 20 d gestational age increasing barrier competence is correlated with increasing fetal weight. It has been previously demonstrated that fetal rats subjected to intrauterine growth retardation (IUGR) exhibit a thinner stratum corneum and decreased content of differentiation-specific epidermal structural proteins. To determine whether IUGR fetal rats also exhibit immaturity of barrier function and the barrier membrane system, maternal rats underwent unilateral uterine vessel ligation on d 17 or 18 of gestation and IUGR and control littermates were harvested on d 20, 21, or 22 of gestation for determination of transepidermal water loss. Despite significant somatic growth retardation and a thinner stratum corneum, barrier function in IUGR fetal rats did not significantly differ from that in control littermates a t any gestational age. In both IUGR and control fetal rat epidermis at 21 d gestational age, lipids were deposited in a membrane pattern a s visualized by nile red fluorescence microscopy and formed lamellar unit membrane structures throughout the stratum corneum intercellular domains a s observed by electron microscopy. Stratum corneum lipid content was reduced in IUGR pups relative to surface area (pg lipid/ cm2) but was preserved relative to its structural protein content (pg lipid/mg dry weight). Thus, IUGR in the fetal rat does not delay development of a competent barrier or maturation of the barrier membrane system. In terrestrial mammals. the permeability bamer resides in the stratum corneum (reviewed in 1, 2). This tissue has been likened to a brick wall in which anuclcatc corncocytes (the bncks) are filled with keratin filaments and enclosed by a highly cross-linked protein envelope. The corneocytes are surrounded by a matrix (the mortar). composed of multiple membrane bilayers that are enriched in cholesterol. ceramides. and FFA. Precursors of these lipids are delivered to the intercellular locale by a secretory organelle. the epidermal lamellar body (3. 4). After secretion. lamellar body lipids are modified by hydrolytic enzymes (3, 4) and reorganized to form a repeating pattern of electron-lucent and electron-dense lamellae. termed the basic lamellar unit structure (2, 5. 6).
In man. the cutaneous permeability bamer forms during late gestation such that preterm infants less than 33 wk of GA exhibit increased TEWL and increased percutaneous absorption of topically applied compounds (7) (8) (9) (10) . Although bamer immaturity is a significant source of morbidity and mortality in the very premature infant ( 1 1 -13): little is known about bamer maturation. The fetal rat may provide a convenient model for the study of bamer ontogenesis ( 16). In this species (1 6). as in man (7) (8) (9) (10) and swine (17) . a competent bamer is established during late gestation. Moreover. as in mature animals (2) . establishment of a competent bamer in the fetal rat is accompanied by the accumulation of nonpolar lipid. particularly cholesterol and ceramides, in the form of lamellar unit structures throughout the intercellular domains of stratum corneum ( 16).
In small-for-dates infants. bamer function is generally appropriate for GA ( 1 8). Yet, many of the clinical signs of the runted infant involve the skin, including decreased subcutaneous fat, decreased vernix caseosa. and dry scaly skin (19) . Moreover, epidermal and stratum corneum thickness are reduced in smallfor-dates infants (20) and in fetal rats subjected to IUGR through either dietary protein restriction (20) or unilateral uterine vessel ligation (2 1,22) . Furthermore, the content of the differentiationspecific epidermal proteins, keratins and profilaggrin, is reduced in IUGR fetal rats (22) . This implies that epidermal differentiation is impaired under the stress of IUGR in this model (22) . Therefore, we undertook these studies to determine whether IUGR also impairs maturation of the permeability bamer in the fetal rat. GA were obtained by cesarean section. TEWL was measured and pups were then weighed. Note that most pups weighing <3 g have no measurable barrier (TEWL >I0 mg/cm2/h). whereas pups weighing >4.5 g exhibit competent barriers. (24) . For statistical purposes. off-scale readings (i.e. TEWL >I0 mg/cm2/h) were recorded as 10 mg/cm2/h. Data from IUGR pups was compared with those from littermates from the unligated uterine horn (control) by using the two-tailed t test. Pups were weighed and lulled. and epidermal-dermal and stratum corneum separations were obtained as described previously ( 16).
MATERIALS AND METHODS

Materials
TLC. Lipids were extracted from the stratum corneum sheets. weighed. and fractionated by high-performance TLC followed by charring and scanning densitometry (16.25). For quantitation of ceramides. 8 pg of each fetal lipid sample was applied in a 0.5-cm lane. Plates were developed twice in chloroform:methanol:acetic acid (95:4: 1. vol/vol) to the top. and ceramide fractions were quantitated in reference to the closest migrating ceramide standard.
Lighr and electron micros cop^.. For enumeration of stratum corneum cell layers. alkaline expansions of stratum corneum sheets were performed as described previously (26) . The average number of stratum corneum layers was determined by direct counting using a dissecting microscope. An average of I0 separate areas were counted on each specimen to anive at the final number of layers. The overall average for each pup was then used for statistical comparison to avoid problems of inclusion of multiple samples from individual animals. Full-thickness skin for light microscopy was frozen at 70°C. then embedded in OCT compound and sectioned, and nile red (100 pg/mL. 75% glycerol) was applied (27) . Sections were examined with a Nikon Microphot-FX microscope equipped with epifluorescence (exci-tation of 470-490 nm. emission 530 nm). Full-thickness skin was minced to I-mm fragments. fixed in modified Karnovskey's fixative, and processed for electron microscopy (28) . Sections were double-stained with uranyl acetate and lead citrate or lead citrate alone as previously described ( 16) and examined using a Zeiss 10A electron microscope at 60 kV.
RESULTS
Barrierfitnction ver.szt.s/etal size. To determine the relationship between fetal size and bamer competence during normal fetal rat ontogenesis, TEWL was determined in pups of between 19 and 22 d GA (22 d = term) and plotted against fetal body weight (Fig. I) . Bamer competence was correlated with increasing fetal size: whereas for the most part pups weighing less than 3 g exhibited no measurable bamer to water loss. pups weighing greater than 4.5 g exhibited competent bamers (Fig. 1 ) . We have previusly demonstrated that GA is also a critical determinant of barrier competence in the fetal rat, such that pups of 19 d GA or less exhibit no measurable bamer to TEWL. whereas prlps nf 2 1 d GA or greater exhibit competent bamers. Because a measurable TEWL barrier first emerges on d 20 of gestation during normal ontogenesis (16). we therefore assessed the relationship between bamer competence and fetal size within this age group. As shown in Figure 2 , among pups of 20 d GA, bamer function also correlated with fetal size ( r = -0.7945: p < 0.001). Four pups having the highest TEWL (no measurable bamer) were all derived from a single litter. This raises the possibility that variation in hours of age within the d-20 GA group could account for some of the variability in TEWL that we observed. Although we performed all experiments at the same time of day, we cannot exclude possible variations by our animal vendors in the time of matings. However, the other nine litters exhibited a considerable spread in TEWL measurements among littermates. suggesting that small differences in GA cannot account for the major portion of the variations in TEWL within this age group.
To explore the relationship between fetal size and bamer competence further, fetal rats were subjected to IUGR by unilateral ligation of the uterine vessels (Wigglesworth procedure) on the 17th or 18th d of gestation (2 1. 22). As shown in Table 1 . pups from the ligated uterine horn (IUGR) werth significantlq smaller than their unligated littermates (control) at both 2 I and 22 d GA. Figure 3 illustrates the relationship between body weight and TEWL in IUGR versus control pups between 30 and 22 d GA. Note that several IUGR pups weighed less than 3 g but still exhibited measurable bamers (Fig. 3) . whereas during normal gestation pups of this size rarely do (Fig. 1) . Figure 4 compares bamer function in IUGR and control littermates in relation to GA. The apparent difference in banier function between IUGR and control littermates at 20 d did not achieve statistical significance due to the wide range in bamer competence at this age (Fig. 2) . Clearly, bamer function was equally Body Weight (g) fetal rats in relation to GA. No significant difference in TEWL between IUGR and control littermates was observed at any age. Light rnicrmcopj~. In the mature animal. neutral lipid is de-3). These studies therefore demonstrate that. although bamer posited in a peripheral membrane pattern in the stratum corcompetence is correlated with increasing body weight during neum as revealed by hydrophobic probes such as nile red (28. normal ontogenesis. IUGR does not significantly retard estab-29). Similarly. in the fetal rat. development of a competent lishment of a competent barrier in the fetal rat.
banier is correlated with increasing stratum corneum thickness and with the deposition of neutral lipid in a peripheral membrane 3 1). epidermis of IUGR fetal rats is thinner in comparison to pattern ( 16). Figure 5 compares the light microscopic features of control littermates. The apparent decrease in thickness of stratum IUGR fetal rat epidermis with those of controls at 21 d GA by corneum was quantitated using alkaline expansion to permit nile red fluorescence microscopy. (Fig. 6) . lamellar h~layrr unit structures arrow:^) fill the intercellular domains throughout the stratum comeurn (SC) (ruthenium tetroxide: 75 0 0 0~) .
Inset. Lamellar bodies exhibit a mature lamellar substructure (100 000X). Lower panel. Secreted lamellar body contents arrow.^) fill the intercellular domain at the stratum granulosurn (SG)-stratum corneurn (SC) interface. Reorganization into lamellar unit structures (umavy arrow) is evident in some regions ( 1 25 0 0 0~) .
BARRIER ONTOGENESIS IN IUGR FETAL RATS
423 exhibited 6 f 0.3 (mean + SE. n = 3) layers of stratum corneum. compared with 9 + 0.3 (11 = 3) cell layers in control littermates ( p < 0.05). Yet. despite the reduced thickness of IUGR stratum corneum. it retains the mature. peripheral membrane-pattern of yellow-orange nile red fluorescence (Fig. 5) . These data imply that. although epidermis in IUGR rat pups is growth-retarded. differentiation to form a mature membrane pattern of lipid deposition in stratum corneum is not impeded.
Electron microscopj*. T o further assess differentiation of the stratum corneum membranes. we examined ruthenium-tetroxide-stained ultrathin sections of control and IUGR epidermis (Figs. 6 and 7. respectively) . Despite the thinner stratum corneum of lUGR fetal rats. a mature lamellar body secretory system was present (Fig. 7) . Lamellar bodies exhibited the expected lamellar substructure (Fig. 7. inset) for pups of this GA (Fig. 6, lefl inset) .
Moreover. after secretion into the intercellular domain at the stratum granulosum-stratum corneum interface (Fig. 7. top) . lamellar body contents were reorganized to form mature lamellar unit structures (Fig. 7, hottorn) . Furthermore, as expected for this age, lamellar unit structures filled the intercellular domains throughout the stratum corneum (Fig. 7. rop) . Thus. no differenrrc in the ultrastructure of the lamellar body secretory system were evident between lUGR (Fig. 7) and control (tig. 6 ) fetai rats. Despite a decrease in overall tissue thickness. the expected maturation in stratum corneum membrane ultrastructure was preserved in the IUGR fetal rat.
Lipid biochemistrj.. Development of a competent bamer during normal ontogenesis is correlated with increasing stratum corneum lipid content ( 1 6). Therefore. we next determined the lipid content of isolated stratum corneum sheets from IUGR and control littermates at 2 1 and 22 d GA. Data were normalized either to stratum corneum surface area (pg lipid/cm2) or dry weight (pg lipidlmg stratum corneum) (Table 1) . Whereas the former are more directly correlated with TEWL measurements. which are also expressed in reference to surface area, the latter permits assessment of lipid content relative to its structural protein content. When normalized to surface area, the lipid content of stratum corneum from IUGR littermates was consistently less than that from control littermates, although these I differences achieved statistical significance in only a few litters. due in part to the inherent limitation of sample size within litters. Yet. even when data from all litters were pooled. no significant differences in IUGR versus control stratum corneum lipid con-I tent relative to surface area were observed (Table I ). However. the opposite trend was observed when the data were expressed relative to stratum corneum dry weight: i.c. the lipid content of IUGR stratum corneurn was consistently increased when compared with that of control littermates (Table I) . Moreover. this increase remained highly significant when data from all litters were pooled.
To examine the effect of IUGR on the content of specific lipid fractions in the stratum corneum. lipids were fractionated and quantitated by high-performance TLC-scanning densitometry (Table 2) . Data were normalized to stratum corneum surface area. The cholesterol and total ceramide content of IUGR epidermis was consistently reduced. and in several litters these differences were significant. Seven ceramide fractions were present in quantifiable amounts and designated in order of increasing polarity (decreasing Rr). Whereas the content of the most nonpolar fraction (ceramide I). the ceramide fraction migrating closest to our acylceramide standard. and of the two most polar (ceramides 6 and 7) ceramide fractions was relatively spared. the content of ceramides of intermediate polarity (fractions 2-5) were sienificantly decreased in IUGR pups in two litters (Table   2) . DISCUSSION These studies demonstrate that although bamer maturation is correlated with fetal size during normal ontogenesis. somatic growth retardation does not disrupt the timetable for establishment of a competent bamer in the fetal rat (Figs. 1-4) . Indeed, barrier maturation proceeds despite obvious growth retardation of the epidermis and overlying stratum corneum (Fig. 5) . Thus. these data suggest that the processes that underlie maturation of the bamer are tightly regulated during ontogenesis. In mature skin. the permeability bamer is provided by a mixture of relatively hydrophobic lipids. enriched in cholesterol, ceramides, and FFA. which form multiple membrane bilayers in the intercellular domains of the stratum corneum ( I . 2). Similarly, we have shown that development of bamer competence in the fetal rat parallels the appearance of basic lamellar unit structures throughout the stratum corneum interstices and the further enrichment of stratum corneum lipids by cholesterol and nonpolar ceramides (16). In the IUGR fetal rat. formation of basic lamellar unit structures occurs at the expected time in gestation (Fig. 7) . despite marked growth retardation of the ep'dermis. including a thinner stratum corneum. Using the same IUGR model. Hoath et al. (22) also demonstrated significant retardation in the accumulation of the epidermal structural proteins. keratins and profilaggrin. We also observed a trend toward decreased lipid accumulation in IUGR tvrslrs control stratum corneum (pg lipid/cm2). although in most litters and in aggregate these differences did not achieve statistical significance (Table 1 ) . Moreover. when the content of specific bamer lipids was assessed. we did observe a significant decrease in the cholesterol and ceramide content (pg lipid/cm2) of IUGR stratum corneum in several litters. The tendency toward decreased lipid content/surface area in IUGR stratum corneum is not surprising in view of the considerable decrease in overall thickness of IUGR stratum corneum. Yet. when the data were expressed in relation to stratum corneum dry weight (fig lipid/mg stratum corneum) . the lipid content of IUGR stratum corneum was increased. This indicates a relative sparing of lipid accumulation in comparison to structural protein content under the stress of placental insufficiency.
Immaturity of the skin bamer in the preterm infant is the source of significant morbidity and mortality ( 1 1-13 ). Yet despite its clinical importance. the study of barrier ontogenesis has been remarkably neglected. An essential first step in redressing this neglect lies in the development of a suitable animal model. In addition to its small size and relatively low cost. the fetal rat offers the advantage of a hairless state during uterine life and in the first postnatal days. a feature that greatly facilitates study of permeability bamer function, as well as preparation of tissues for lipid analysis free of pilosebaceous contributions. Moreover. it is important that the animal model selected mimic the human situation. We believe, therefore. that our demonstration that barrier ontogenesis is preserved in IUGR fetal rat. as it is in man (6) . provides further validation of this model system. Additionally. this model offers potential for the exploration of factors that regulate epidermal bamer maturation. Indeed. we have recently demonstrated that glucocorticoids accelerate maturation of the permeability bamer and the epidermal lamellar body secretory system in the fetal rat (30) .
